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Abstract The isolation and preconcentration of estrogens
from new types of biological samples (acellular and
protein-free simulated body fluid) by molecularly imprinted
solid-phase extraction has been described. In this technique,
supramolecular receptors, namely molecularly imprinted
polymers (MIPs) are used as a sorbent material. The
recognition sites of MIPs were prepared by non-covalent
multiple interactions and formed with the target 17β-
estradiol as a template molecule. High-performance liquid
chromatography with spectroscopic UV, selective, and a
sensitive electrochemical CoulArray detector was used for
the determination of 17β-estradiol, estrone, and estriol in
simulated body fluid which mimicked human plasma.
Keywords Estrogens.MIPs.SPE.HPLC-UV/EC
Introduction
Attention of many scientists has been drawn to estrogen
hormones and their metabolites as substances of both positive
andnegativeclinicalsignificanceinthehumanbody.Estrogen
synthesis andmetabolismtakeplace inmen andwomeninthe
same way [1]. The proper level of these sexual hormones in
the body determines not only fertility and overall condition
and functioning of the organism but may also have an effect
on development of different diseases including cancer.
Therefore, the determination of sexual hormones is very
important, and effective analytical procedures must be
applied to quantify such analytes in relatively complicated
matrices, like tissues or body fluids. Here, the sample
preparation methods are of high importance [2]. One of the
most important techniques used for the preconcentration of
the analytes is solid-phase extraction (SPE) [3–5]. SPE is
characterized by a high load, high recovery, enhanced
reproducibility, automation capability, and wide spectrum
of available stationary phases [6–8]. Typical sorbents for
SPE (alkylsilicas, styrene-divinylbenzene, graphitized carbon
black, etc.) are not selective, and a large amount of matrix
interferents are extracted simultaneously with the target
analyte [3, 4]. This factor decreases separation and enrich-
ment efficiency [9, 10]. One of the good solutions is
application of “fingerprint adsorbents” like molecularly
imprinted polymers. The main task during elaboration of
such materials is to mimic the molecular recognition of
biological molecules such as receptors, enzymes, antibodies
and hormones, for example estrogens. The result of a
specially designed synthesis is a three-dimensional network
complementary to the structure of a template molecule in the
shape and functional group arrangements [11–16]. Two
different approaches—covalent and non-covalent—have
been developed in molecular imprinting [17]. In both
approaches, the functional monomers are chosen to provide
interactions with the functional groups of the imprint
template. The non-covalent approach is more frequently
used due to the following properties: (a) the tedious synthesis
of pre-polymerization complex is avoided, (b) removal of the
imprint molecule is usually accomplished by a continuous
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into the molecularly imprinted polymer (MIP) binding sites
[18, 19]. MIPs are usually stable at high temperatures and in
most of the organic solvents. MIPs present a number of
advantages compared to antibodies. For example, immune
responses are by nature unpredictable, irreproducible, and
can require long periods of time to achieve [20–22]. The
bulk polymerization method is often used for the preparation
of MIPs. The obtained polymers should be crushed, ground,
and sieved to produce packing materials (SPE, HPLC) [23].
Such features of MIPs are also attractive as sorbents for
solid-phase extraction as discussed here. A number of MIPs
were prepared for steroids such as cholesterol, testosterone
[21]1 7 β-estradiol, [24–26], castasterone [27], 11-α-
hydroxyprogesterone and corticosteroids [28, 29]. Only a
few imprinted polymers have been applied as separation
media. Recent developments in molecularly imprinted solid-
phase extraction (MISPE) have been reviewed by several
authors [6, 30]. Numerous studies were also devoted to
determination of steroids in biological samples by HPLC
coupled with various detection techniques [31–36].
In this contribution, we describe the determination of
selected estrogens (17β-estradiol, estrone, and estriol) in an
acellular and protein-free simulated body fluid with ion
concentrations nearly equal to those present in the human
plasma. Solid-phase extraction based on MIPs was used for
selective isolation and preconcentration of the estrogens
from bio-fluids. The MISPE method was followed by
HPLC with UV detector as well as a multisensor
electrochemical CoulArray detection which was found to
be very useful for trace determination and as one of the
most sensitive and selective detection technique, especially
for biologically active compounds.
Experimental
Apparatus and chromatographic conditions
The HPLC systemwasanAgilent1100 Seriesmodel (Agilent
Technologies, Waldbronn, Germany) equipped with a diode
array detector and ChemStation software for data collection.
The system was also connected to CoulArray detector model
5600A (ESA Technologies, Chelmsford, USA) and ESA
software for data collection and control of the instrument. The
acetonitrile–ammonium acetate buffer 25 mM (50:50% v/v)
was used as a mobile phase at a flow rate of 1 mL min
−1 and
injection volume was 10 μL. The column Supelcosil LC-
C18-DB (250 mm×4.6 mm, dp=5μm) was kept in the
column oven (Gynkotek, Germering, Germany) at
the temperature of 30 °C. The analytes were detected at the
wavelength λ=280 nm using DAD and at the potential of
790 mV using CoulArray detector. Solid-phase extraction
was performed using a 12-port vacuum manifold from
Mallinckrodt Baker (Deventer, The Netherlands). MISPE
columns were prepared with SPE glass columns equipped
with porous PTFE disks used at the top and at the bottom of
the polymer bed. Hyperchem Release 7.0 software was used
for the molecular modeling (Hypercube Inc., Gainesville,
Florida, USA).
Materials
Methacrylic acid (MAA), trimethylolpropane trimethacry-
late (TRIM), 2,2′-azobis(2-methylpropionitrile) (AIBN),
17β-estradiol was purchased from Aldrich (St. Louis,
USA). Isooctane (2,2,4-trimethylpentane), toluene, acetoni-
trile, methanol, 2-propanol, ethyl acetate, ammonium
acetate were obtained from J.T. Baker (New Jersey, USA).
NaCl (99.5%), NaHCO3 (99.5%), KCl (99.0%), Na2H-
PO4·2H2O (99.5%), MgCl2·6H2O (99.0%), Na2SO4, Tris
(99.5%), CaCl2·H2O (99%) and HCl (37 vol.%) were
purchased from POCh (Gliwice, Poland). Water was
obtained in our laboratory using a Milli-Q ultrapure water
producing system Millipore (Billerica, USA).
Preparation of polymers by non-covalent “bulk”
polymerization
The estrogen imprinted polymers were prepared by dis-
solving the imprint template (17β-estradiol; 0.125 mmol),
functional monomer (MAA) the cross-linking monomer
(TRIM or EDMA) and the initiator (AIBN; 2 wt.% of total
monomer) in porogen solvents (isooctane–toluene 1:99,
v/v) or (2-propanol) in a volumetric flask. The composition
of polymers is described in Table 1, and the polymerization
process is schematically shown in the Fig. 1. Except for the
composition of the mixtures mentioned in the Table 1,a n
initial series of polymers was also prepared to determine the
best monomer:crosslinker molar ratio, namely 1:1.15, 1:2.3,
1:4, and 1:9. The polymerization mixture was transferred to
2-mL clear glass vials, then it was purged with nitrogen for
10 min and the vials were immediately closed. The UV
polymerization (λ=365 nm) was performed in a tempera-
ture controlled chamber at 20 °C, 4°C, 0 °C, −4 °C for 2–
4 h. After the polymerization was complete, the polymers
were crushed and the remained unreacted compounds were
extracted with acetonitrile using a Soxhlet apparatus for
24 h. Finally, the MIP and non-imprinted polymers (NIP)
were dried in a vacuum oven at 40 °C for 24 h.
Preparation of MISPE cartridges
The obtained polymers were ground in a mortar and passed
through 63, 90, and 250 μms i e v e s .T h eg r a n u l a rf r a c t i o n so f
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werecollected.Twentyor50mgofthe polymerswerepacked
into 1 or 3 mL (only 50 mg) SPE glass columns.
Acellular and protein-free simulated body fluid samples
Acellular and protein-free simulated body fluid (SBF) used
as a biological sample was prepared according to the
chemical composition of a human body fluid, with ion
concentrations nearly equal to those of the inorganic
constituents of human body plasma. SBF is known to be
a metastable buffer solution and even a small, undesired
variance in both of the preparation steps and storage
temperatures, may drastically affect the phase purity and
high-temperature stability [37]. We found that the samples
could be stored for a month at 5°C without any degradation.
Molecularly imprinted solid-phase extraction procedure
Thecartridgeswereconditionedwithmethanolandwater.The
spiked samples of acellular simulated body fluid
(0.1 µg mL
−1) were applied to the conditioned column. Then
the analytes were eluted with different solvents (acetonitrile,
acetone, ethyl acetate, and 2-propanol) each applied in 3 mL
aliquots. Extracts were evaporated to dryness and the residue
dissolved in 100 μL of the mobile phase and injected into the
HPLC system. Stock solutions of estrogens were prepared in
the mobile phase and stored at approximately −4° C .
No. Monomers Porogen T (°C) Time (h) Usefulness
P1 MAA + EDMA Isooctane–toluene (1:99% v/v) 20 2 Very small pores
a
P2 4 Very small pores
a
P3 0 4 Non porous
P4 −4 No polymer
P5 2-propanol 20 2 Very small pores
a
P6 4 Very small pores
a
P7 0 4 Not homogeneous
P8 −4 No polymer
P9 MAA + TRIM Isooctane–toluene (1:99% v/v) 20 2 Porous
b
P10 4 Porous
a
P11 0 3 Not homogeneous
P12 −4 4 No polymer
P13 2-propanol 20 2 Porous
a
P14 4 Porous
a
P15 0 3 Very small pores
a
P16 −4 4 Not homogeneous
Table 1 Composition of the
synthesized molecularly
imprinted polymers with
17β-estradiol as a template
molecule, functional
monomer–crosslinker ratio 1:4
A rough selection is also
presented in a right-hand
column
aMicropores (below 2 nm)
bMesopores (in range 2–50 nm)
Fig. 1 The schematic picture of
MIPs synthesis
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Effect of polymerization temperature
Tocreateastrongandselectivebinding,itisnecessarythatthe
template molecule preorganize the functional monomer in a
temperature stable configuration prior to polymerization. It is
clearly defined that the higher temperature disrupts the
balance of template-functional monomer complex resulting
in a decrease in the number of strongly binding cavities.
Following the literature data, we chose the UV-initiated
process to synthesize polymers at lower temperatures.
Temperatures of 20, 4, 0, or −4 °C were chosen because
17β-estradiol is not hampered with solubility problems when
isooctane–toluene (1:99% v/v) and 2-propanol are used as
porogens. The SEM microscopy was used for a rough
assessment of the polymers. Our idea was to obtain polymers
which morphology is similar to polymeric monoliths, that is
the polymer consists of globules (preferably having meso-
pores) and flow-through pores which allow the liquid sample
to flow through. Therefore, we were choosing those
polymers which were homogeneous and possessing flow-
through pores visible on SEM micrographs. In Table 1,w e
presented the results of this rough assessment. When the
synthesis was performed at temperatures of 20 and 4 °C the
obtained polymers were characterized by a uniform and
adequate globule size (P5, P6, P9, P10, P13, P14, Table 1).
The temperature 0 °C led to a poor globule size or irregular
creation of globules in polymers P3, P7, P11, P15 (Table 1).
The polymerization process did not run properly at −4° C
(P4, P8, P12, P16, Table 1) which resulted in a soft, wet and
gel-like polymeric unusable material. We also adjusted the
time of exposition to UV radiation during synthesis at
different temperatures to complete the polymerization. It
varied from 2 h (20 and 4 °C) through 3–4 h (0 °C) up to 4 h
(−4 °C). We can assume that the temperatures above 0 °C
and 2 h as exposition time are appropriate for preparation of
useful MIPs. These facts also confirmed the comparison of
the recovery results performed by 17β-estradiol MISPE
analysis illustrated in the Table 2.
Non-covalent imprinting with MAA, EDMA, or TRIM
Throughout this research, the MIPs as artificial recognition
systems for 17β-estradiol, estrone and estriol were synthe-
sized by bulk polymerization with a non-covalent imprinting
approach. The non-covalent manner pioneered by Mosbach
and co-workers[38–40], and later developed by Sellergren et
al. [41, 42] and Andersson [43] was chosen to provide the
appropriate binding of 17β-estradiol template by utilization
of H-bonding which is a dominant interaction in the
biological systems. In our artificial system the phenolic A-
ring with hydroxyl group at the 3-position and D-ring with
hydroxyl group at 17-position are capital factors responsible
for the affinity and binding of 17β-estradiol to the imprinted
and non-imprinted polymers. MAA was chosen as a
functional monomer due to the presence of carboxylic
groups in a molecule and related potential for creating
hydrogen bonding and ionic interactions with 17β-estradiol
molecule. The acid carboxylic groups in MAA are respon-
sible for the interactions with
−OH group in C3 and C17
Polymers R (%)
a RSD (%)
P1 61.96 0.63
P2 64.81 0.62
P5 65.77 0.89
P6 68.93 0.78
P9 82.15 0.64
P10 88.96 0.49
P13 86.53 0.58
P14 94.19 0.86
P15 40.61 0.56
Table 2 Comparison of
recovery of 17β-estradiol
MISPE analysis using different
MIPs as cartridges
a50 mg cartridge in 1-mL glass
column
Fig. 2 Exemplary SEM micrographs of non-imprinted polymer (a)
and 17β-estradiol imprinted polymer P12 (b)
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formation of a stable and strong template-functional mono-
mer pre-polymerization complex resulting in the optimal
non-covalent imprinting sites in the resulting imprinted
polymer. The key problem connected with MIPs is to find
out the preparation way for creation of useful and effective
polymer with highly selective recognition sites.
Exceptfor thefunctionalmonomer, one ofthe basic factors
is choice of crosslinker to assure good supramolecular
recognition which may be connected with the nature,
solubility of crosslinkers to be used, degree of cross-linking
and the length of polymerizable chains. Due these facts,
ethyleneglycoldimethacrylate(EDMA)andTRIMwereused
as cross-linking agents in this work. The utilization of EDMA
is based on previous findings [17, 44–47]. According to
Wulff et al. [48] short alkyl or oxyethylene chain between
two methacrylate units in EDMA molecule led to the highest
selectivity in the formed polymers. EDMA has so far proven
to be the optimum choice, the best compromise between
flexibility/rigidity and length [49]. Another study [50]
showed that in the optimization of polymer selectivity
EDMA turned out to be more universal cross-linking agent
employed. In connection with our application of EDMA as a
cross-linking agent used to fix MAA-17β-estradiol pre-
polymerization complex we can state that it gave ambiguous
results. Eight polymers (denoted as P1-P8) were synthesized
with EDMA (see Table 1). Only MIPs P1, P2, P5, P6 were
useful as sorbents in subsequent MISPE preconcentration.
Taking into account these results, we continued syntheses
using TRIM which was found to work better. The possible
explanation is that TRIM is one carbon bond longer than
EDMA and may fix in a better way the created polymer
network in the pre-polymerization MAA-17β-estradiol com-
plex. This fact was also confirmed in the previous studies of
Shea, Sellergren, and Mosbach [51, 52] who reported that
using TRIM resulted in polymers capable of higher loadings
in comparison to EDMA supports.
The amount of the crosslinker is another factor affecting
MIP quality. The polymers with functional monomer:
crosslinker (M:C) molar ratio of 1:1.5, 1:2.3, 1:4, 1:9 were
also prepared. According to the imprinting literature [48,
50] the amount of crosslinker is very important and the
addition varied from a few percent up to ∼100%. During
our initial investigation, the crosslinker amount also varied
and keeping the amount of template constant we observed a
surprising effect. At low amounts, 1:1.5, 1:2.3 of M:C ratio,
corresponding to 20 % of crosslinker total molar ratio, the
obtained polymers were soft and unstable so they did not
meet the requirements of the SPE material. On the other
hand, the MIPs prepared with M:C =1:9 (crosslinker
amount 90%) were hard, non-porous, and smooth without
globules. The application of 1:4 monomer to crosslinker
ratio resulted in creation of porous, compact and adequate
globule-sized polymers (P1, P2, P5, P6, P9, P10, P13, P14)
which were used in our further studies. The scanning
electron microscope was used for verification of the
structural integrity of particles of P1–P16 as well as for a
rough assessment of the pore/globule sizes (this can be
found in the Table 1). The syntheses of the polymers P4,
P8, P12, P16 (Table 1) were not successful and wet, gel-
like, and soft materials were obtained in these cases. The
SEM observation of the polymers P3, P7, P11, P16
revealed their inhomogeneous nature—parts of the poly-
mers were porous while the other fragments were a hard,
non-porous polymer. The polymers P9, P13, P14 with 80%
(molar) amount of TRIM (Table 1) were characterized by
more compact and regular pore/globule size than polymers
P1, P2, P5, P6 prepared with the same amount of EDMA.
Despite the negative characteristics of many of the
synthesized polymers, most of them were compared with
MIP/NIP ρs (gcm
−3) P (%) SBET (gm
−2) Size of globules (µm)
P10 0.79/0.76 28/20 16.76 4.38
P14 0.81/0.79 30/22 81.27 5.14
Table 3 The density, porosity,
SBET values and globules size of
selected polymers
Fig. 3 The Hyperchem-derived
structure of the complex formed
between the 17β-estradiol
molecule and two molecules of
MAA. The presence of
hydrogen bond is indicated by
the dashed lines
Supramolecular recognition of estrogens 2981respect to the recovery they provide. Fifty-milligram
portions of the P1, P2, P5, P6, P9, P10, P13, P14, and
P15 polymers were then packed into the 1-mL glass SPE
columns and were used for extraction of 17β-estradiol. The
comparison of the results (Table 2) clearly shows the
advantage of TRIM over EDMA and indicates the optimal
temperature of the polymerization (+4 °C). The P10 and
P14 polymers were then used for further investigation. The
SEM images and comparison of considerable differences in
the morphology of 17β-estradiol imprinted polymer and its
non-imprinted control sample are presented in Fig. 2a, b.
The NIP (Fig. 2a) has a smoother morphology with more
submicrometer-sized globules/pores. This example shows
that relatively small amount of the template may have a
significant effect on polymer morphology.
17β-estradiol as an imprint template
It is generally believed that the amount of the template is
crucial for the performance and practical usefulness of
MIPs. A current critic of imprinted polymers is the
significant amount of template needed to prepare the
polymer. For example, to prepare a 5-g batch of MIP, with
the template:monomer (T:M) ratios of 1:4 to 1:10 depend-
ing on the molecular weight of the template, up to several
hundred mg of the template are needed. As a general
guideline reports in the imprinting literature, the used
amount of template is 1 mmol [21, 22, 24–26]. In our
work, smaller 17β-estradiol concentration with respect to
the functional monomer was investigated. We tried to
synthesize polymers with 0.125 mmol amount of 17β-
stradiol. The resulting template:monomer ratio was 1:64 or
1:160 (17β-estradiol:MAA). The main advantages of using
only 0.125 mmol amount of 17β-estradiol as imprint
molecule were fewer problems with washing out of
template in the extraction step and minimizing costs of
the prepared polymers. It should also be easier to find a
total amount of the template to be sufficient to create
selective recognition sites. Such an approach was also
reported by several authors, for example Yilmaz, Mosbach,
and Haupt [53] who investigated how much template was
actually needed to create a sufficient number of binding
sites. They examined polymers that were synthesized using
different template:monomer ratios ranging from 1:4 to
1:5,000. Surprisingly, even at T:M as high as mentioned
above, the MIP still bound significantly more of the analyte
than the non-imprinted reference material at the same
polymer concentration. Consequently, the preliminary
experiments referenced above also confirmed our results
that it is possible and absolutely appropriate to reduce the
amount of template in the polymer recipe.
Choice of porogen
The selection of an appropriate porogen solvent is a key
parameter in designing the properties of MIPs. The porogen
affects the complexation strength of non-covalent binding
sites between monomers and a template. It serves as a
reaction environment and should provide a good miscibility
with other constituents; it should not disrupt hydrogen
bonds, and it also determines the size, shape, and
distribution of pores and the surface area of the resulting
material. Hence, the basic problem in MIP synthesis is to
find an optimum porogen or porogen mixture which yields
the most beneficial porosity for a prepared polymer. In this
work, we investigated 2-propanol and isooctane–toluene
(1:99% v/v) as porogen agents. The porogens were chosen
carefully to maximize the interactions of 17β-estradiol and
MAA to form a complex. Normally, during preparation of
MIPs non-polar, aprotic solvents, which stabilize hydrogen
bonds, e.g., toluene, isooctane (used as porogen mixture),
are preferred. On the other hand, the polar protic solvent
Molecules Energy (KJ mol
−1)
Complex (MAA + 17β-estradiol) −36.56
Complex (MAA + 17β-estradiol + 2-propanol) −48.31
Complex (MAA + 17β-estradiol + isooctane–toluene (1:99% v/v)) −45.56
Table 4 Calculated energies
of the methacrylic acid-17β-
estradiol preassembly in a
vacuum
Compound Detector y ¼ ax þ b r LOD
a (ngmL
−1) LOQ
b (ngmL
−1)
17β-estradiol DAD 0.3141x–2.3508 0.9998 1.34 4.3
Estrone 0.2638x–2.0138 0.9996 1.39 4.47
Estriol 0.2921x–2.5312 0.9997 0.82 2.7
17β-estradiol ED 0.3141x–0.5615 0.9998 0.43 1.45
Estrone 0.2413x+1.0895 0.9999 0.44 1.5
Estriol 0.2921x+1.5615 0.9997 0.22 1.12
Table 5 Selected validation
characteristics of estrogens
a3S/N
b10S/N
2982 B. Buszewski et al.such as 2-propanol can theoretically enhance a high degree
of disruption to hydrogen bonds. This fact can be also
confirmed by the dielectric constant (ε) aspect 2-propanol
as solvent with higher constant (ε=18.3) in comparison to
isooctane (ε=2.38) and toluene (ε=2.1) seems to be
obvious to weaken binding strength. Despite of this, we
used 2-propanol as a pore forming agent in our non-
covalent imprinting polymerization system as we found it
was advantageous for a good solubility of the template and
the monomers prior to polymerization and because of
positive effects on pore formation. The physical character-
istics density (ρs), porosity (P), surface area (SBET) and size
of globules of P10 and P14 polymers were determined and
can be found in the Table 3. These surprisingly good results
obtained with the polymers prepared with 2-propanol
triggered us to employ Hyperchem, a molecular modeling
software, to see what might happen during creation of a
model pre-polymerization complex. To do that we created,
a model system of one estradiol molecule surrounded with
MAA and in a presence or not of the porogen molecules.
17β-estradiol keeps a flexible arrangement of the
−OH
functional groups at 3 and 17 positions which allows the
supramolecular investigation of their role in combinations
with carboxylic group of MAA in molecular recognition
process. The undergoing electrostatic or hydrogen bonding
interactions of examined MAA-17β-estradiol pre-
polymerization complex is shown in the Fig. 3. Apparently,
MAA is a significantly superior monomer for interacting
with 17β-estradiol via hydrogen bonds. Molecular mechan-
ics of semi-empirical method was also used for illustration
of it and for the description of the total-charge density of
MAA-17β-estradiol pre-polymerization complex as is
shown in the Fig. 3 too. The molecular modeling performed
in the presence of the porogens showed that 2-propanol was
obviously not repelled from MAA–estradiol complex due
to interactions of its OH group, but it was not especially
attracted. It rotated and got into the position of pointing its
OH group towards MAA–estradiol hydrogen bonds, with-
out having no tendency to disrupt it. Considering the
problem more quantitatively, we employed the software to
calculate the binding energies using the molecular mechan-
ics (MM
+) method and then using the semi-empirical
mechanic (PM3) method. The results are shown in Table 4.
The data have proved that the H-bond is a dominant
interaction between the template (whichmolecule isrelatively
poor in the terms of number of polar sites), and the functional
monomer. The strength of such interaction was not disrupted
by the presence of non-polar porogen (isooctane–toluene) but
surprisinglywasalsonotaffectedbypolar2-propanol.Wecan
also hypothesize here that good projection of the imprint
molecule in the polymer matrix may be connected with the
smaller size of the alcohol molecule which probably resulted
in a higher degree of flexibility of the pre-polymerization
complex and easier access of other monomer molecules to the
vicinity of a template.
Validation parameters
RP-HPLC method with DAD and electrochemical CoulArray
(ED) detection was developed and validated for quantification
of estriol, 17β-estradiol, and estrone from acellular simulated
body fluid. Calibration curves y ¼ ax   b ðÞ were linear within
the range about 10–1,000 ng mL
−1 for the both DAD and ED
Fig. 4 Comparison of resulting
HPLC-ED chromatograms of
endogenous estrogens separated
after MISPE analysis using
imprinted and non-imprinted
polymers from spiked acellular
and protein-free simulated fluid
body samples. HPLC
conditions: acetonitrile–
ammonium acetate 25 mM
(50:50% v/v) as mobile phase,
flow rate 1 mL min
−1,
temperature 30 °C, injection
volume 10 µl
Table 6 Basic chromatographic characteristics of the analyzed
estrogens
Hormones
   α TF
Estriol 0.85   
4.79
17β-estradiol 1.63
Estrone
 
1.48 0.88
k
0.34 
0.83
2.41
k was calculated from uracil, α was calculated as k2/k1
Supramolecular recognition of estrogens 2983detectors. The selected validation parameters were evaluated
and compared by RP/HPLC-DAD/ED (Table 5).
The basic chromatographic characteristics of estrogens
have also been performed. As it is shown in the Table 6,
17β-estradiol imprinted polymers exhibited relatively high
retention and good resolution. Uracil was used as a t0
marker. The chromatographic separation of estrogens
(Fig. 4) which was performed after MISPE analysis using
imprinted and non-imprinted materials revealed that the
utilization of the MIP cartridge in the sample preparation
step led to a substantial reduction of matrix interferences
(chromatogram drawn with a solid line). It can be also
noticed in the Table 5 that the reproducibility of the
MISPE-HPLC-DAD/ED system was relatively high and
exhibited RSD values below 2%. Taking into account our
results, we can state that the developed MISPE-HPLC-
DAD/ED technique can be effectively applied in routine
analysis.
Selective extraction of estrogens from synthetic body fluid
In order to investigate the potential of MIPs for the selective
entrapment of target analytes (estrone, 17β-estradiol and
estriol) the samples of spiked (0.1 µg mL
−1) acellular and
protein-free simulated body plasma were applied onto P14
sorbent using the optimum MISPE protocol. Due to the
nature of estrogens (estriol, 17β-estradiol, and estrone)
acetonitrile, acetone, ethyl acetate, and 2-propanol were
chosen as eluents in the MISPE procedure. Here, acetone
turned out to be an optimal eluent which provided high
recoveries (93÷96%) with very good reproducibility (RSD
values below 2%; Fig. 5). Acetonitrile provided slightly
worse but still acceptable and very reproducible results
(recovery between 89% and 93%, RSD<1.5%). The worst
recoveries (79÷82%, RSD below 2%) were observed for 2-
propanol and ethyl acetate (recovery 81÷83%, RSD<2%;
Fig. 5, Table 7). The effect of MIP sorbent amount in several
Estrogens Solvent 20mg of MISPE
a 50mg of MISPE
a 50mg of MISPE
b
R (%) RSD
c (%) R (%) RSD
c (%) R (%) RSD
c (%)
Estriol Acetonitrile 77.44 ±0.88 92.7 ±1.25 86.05 ±0.56
17β-estradiol 75.82 ±1.06 90.62 ±0.98 83.35 ±0.78
Estrone 74.73 ±0.92 89.13 ±1.18 81.99 ±0.93
Estriol Acetone 83.46 ±0.98 96 ±1.62 89.06 ±0.47
17β-estradiol 81.07 ±0.63 94.55 ±1.21 87.58 ±0.82
Estrone 78.25 ±1.19 92.65 ±0.99 85.83 ±0.93
Estriol Ethyl acetate 69.68 ±0.81 83.2 ±1.72 78.95 ±0.76
17β-estradiol 68.35 ±0.75 82.93 ±1.73 77.22 ±0.59
Estrone 67.83 ±0.94 81.15 ±1.36 76.23 ±0.28
Estriol 2-propanol 67.22 ±0.57 81.88 ±0.67 76.9 ±0.83
17β-estradiol 64.29 ±0.53 80.82 ±0.56 74.84 ±0.46
Estrone 62.85 ±0.94 78.65 ±0.41 72.56 ±0.78
Table 7 Results of the MISPE
and HPLC analysis from
synthetic body fluids
a1 mL glass column
b3 mL glass column
cStandard deviation
R mean recoveries for n=3
Fig. 5 Comparison of recovery
in imprinted and non-imprinted
polymers using different sol-
vents in the elution step during
MISPE procedure performed
with the P14 polymer. Measure-
ment was performed on 50 mg
mass of sorbent in a 1-mL glass
column
2984 B. Buszewski et al.MISPE columns was also investigated. Different amounts
(20 or 50 mg) of the P14 polymer were packed into 1 or
3 mL glass columns and the efficiency of this material was
examined using acetone in the elution step. The 50 mg of
P14 polymer which particle size ranged from 90 to 250 µm
and which was placed in a 1 mL glass column showed the
best values of recovery in MISPE procedure of isolation and
preconcentration of the above-mentioned analytes from the
SBF samples. The 50 mg of MIP sorbent in 1 mL volume of
MISPE column showed the highest recovery rates (93÷96%,
RSD<2%), while the lowest recovery rates (78÷83 %, RSD
<1.5%) were observed for the 1-mL column containing
20 mg of the MIP. Slightly higher values (85–89%) were
recorded for 50 mg of sorbent in 3 mL column. The reason
of the differences in the recoveries obtained for the same
amount of sorbent is the thickness of the bed. In a 1-mL glass
column, the sorbent bed is higher which makes the passage
time of the analytes longer and thus increasing the possibility
for the analytes of being trapped by the active sites of the
MIP. The same experiments were performed using the NIPs
sorbents. The efficiency of synthesized P14 MIP expressed
by values of recovery is shown in the Table 7.
Concluding remarks
The 17β-estradiol imprinted polymers were synthesized by
utilizing UV-initiated bulk polymerization based on non-
covalent approach. 17β-estradiol MIPs with template–mono-
mer ratio1:160 and1:64 wereprepared which wefound to be
really practical and economical. We surprisingly found that
MIPs prepared in 2-propanol as a porogen solvent were more
porous, compact and better in the terms of recovery values
than MIPs synthesized in the isooctane–toluene (1:99% v/v)
mixture. The MIPs were utilized in MISPE preconcentration
of estradiol, estrone and estriol from acellular and protein-
free synthetic body fluid and evaluated by HPLC followed
by electrochemical CoulArray detection using acetonitrile–
ammonium acetate buffer (25 mM; 50:50% v/v) as a mobile
phase. A good analytical performance was attained, includ-
ing a suitable precision of low detection limits. At the
moment, the above-mentioned results make the MISPE-
HPLC-ED technique comparable to more sensitive and
selective mass spectrometry detection.
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